An investigation of the characteristics of multiply-scattered Lidar returns from homogeneous layers of nonspherical Chebyshev particles is presented. A Monte Carlo procedure has been employed to simulate Lidar measurements in a groundbased configuration. Total detected power and depolarization of the return signal have been calculated for a variety of particle sizes and deformations, as well as for different fields of view of the instrument and optical thicknesses of the medium. As far as depolarization is concerned, particles characterized by a high Backscattering Depolarization Ratio have shown a peculiar behavior in multiple scattering. Results have been checked, for double scattering, employing an analytical formula previously developed.
INTRODUCTION
Atmospheric and environmental science rely more and more on remote sensing and sounding techniques, and among them those employing Lidars are largely dominant. The interaction of coherent radiation with a turbid or turbulent medium is by no means a trivial issue. Usually, the starting point for any calculation concerning the propagation of a light beam in a cloud or a fog layer is the equation of transfer', which describes an incoherent multiple-scattering process through which energy spreads inside the medium. In the kernel of the equation of transfer the phase function appears to specify the singlescattering properties of the individual particles or of the ensembles of particles present in an elementary cell of the scattering volume.
Unfortunately, the equation of transfer can be solved in an analytical way only under some well-known approximations, i.e., making quite strong hypotheses either on the weight ofmultiple scattering (tenuous medium, diffusion) or on the angular distribution of the light scattered by the single particle or volume element (isotropic scattering, Small Angle Approximation). Furthermore, phase functions can be worked out in a rigorous way only for spherical and spheroidal particles: all other shapes require an approximate treatment. In the framework of this simplified approach, when interpreting Lidar experiments two assumptions are usually made: that the return signal is almost exclusively due to single (back-) scattering and that the particles in the medium are of spherical shape. Most inversion procedures rely on such hypotheses. It is then natural to ask ourselves what happens when either, or both, are removed. Real-world systems exist (e.g. cirrus clouds or dense aerosol layers) for which, under certain experimental conditions, single scattering from spheres is a very poor approximation, so the issue is not merely oftheoretical interest.
We have aimed our work at an investigation of multiple scattering from a homogeneous layer of nonspherical particles for the case of a monostatic, ground-based Lidar. Monte Carlo (MC) methods have been employed to simulate the propagation of light in such a medium. T2 Chebyshev particles have been chosen for our simulations; their shape can be obtained by continuous deformation of a sphere and is described by the rotation of the curve r(3) =r0(1+ccos(2&)) (1) about the 0 = 0 axis. Here r0 is the radius of the unperturbed sphere, while c, the deformation parameter, is a measure of how much the particle departs from the spherical shape. For small positive values oft these particles look very much like prolate spheroids; as it increases they develop flatter and flatter sides, becoming concave at the ends as soon as it exceeds 0.20. One of our main tasks was to highlight differences arising from the replacement of spherical particles with nonspherical ones, so we have performed all our simulations employing both spheres and T2's. In order to do this, an equivalence criterion had to be stated; following an already established procedure, we have defined two particles as equivalent when they have the same volume (and of course the same optical constants). So, when we speak of the size parameterx of Chebyshev particles, we will actually mean that of the equal-volume sphere. Due to the difficult convergence of the numerical method employed to calculate the coefficients of the scattering matrices for nonspherical particles, we limited our survey to size parameters below 36 and deformations not exceeding 0. 15-0.25 (depending on the value of x).
REVIEW OF SINGLE-SCATTERING RESULTS
The single-scattering properties of Chebyshev particles have been the subject of a comprehensive investigation carried out by Mugnai and Wiscombe25 during the past decade, that remains the primary reference on the subject. During the completion of their work, Mugnai and Wiscombe developed and refined a numerical code based on the Extended Boundary Conditions Method (EBCM, also known as the T-matrix method) of Waterman6'7 and Barber and Yeh8 that we have used to work out the scattering matrices of the T2's. The program is quite demanding in terms of computer power, so we only dealt with monodispersions. Anyway, a certain degree of averaging was introduced in our calculations by considering particles in random orientation, which not only represents much better most conceivable real-world situation but also washes out the fine ripple structure that appears in the phase functions of particles in fixed orientation. Two different kinds of orientation averaging have been employed, namely random-2d and random-3d. They refer respectively to the case of particles with the axis of simmetry lying on a plane normal to the direction of the incoming light beam and to that of particles oriented completely at random in space. For spheres, smoothing of the phase functions was achieved by size-averaging over narrow Gaussian polydispersions centered on the equal-volume sphere. We point out that a certain degree of ripple remains in the phase functions of large particles in spite of the averages, particularly for T2's of small deformation; this is also partially due to the null imaginary part of the refractive index (1 .33 + O.Oi in all of our calculations). The problem would be likely overcome employing polydispersions as for spheres.
Without entering into detail, we briefly summarize the more important properties of the Chebyshev particles as far as single scattering is concerned. Either in random-2d or random-3d incidence, their scattering matrix contains terms that give rise to depolarization of the scattered light. We point out that from now on we will call depolarization the quantity: ;= r (2) II + where J and I. are the intensities collected by the receiver on the II andi components of polarization (relatively to that of the linearly-polarized probe beam). In the case of light emitted on a purep or sstate (II or I to the scattering plane), spheres give ö = 0 over the full 0-it range. On the contrary, all Chebyshev particles depolarize to some extent, particularly at large angles. For a monostatic Lidar detection takes place strictly at 0 = it, so any linear polarization state will produce the same effect. It is worthwhile saying that, with this defmition, we don' t measure a loss of polarization due to scattering: in principle, light might simply change its polarization state and still be completely polarized, for instance as a consequence of passing through a X/2 plate. Actually, it is easy to show that, whatever (complete) polarization state is chosen, randomlyoriented Chebyshev particles always give rise to an unpolarized component in the scattered radiation.
The behavior of Chebyshev particles when illuminated with linearly polarized light is then considerably different from that of spheres (no matter if mono-or polydispersed). In Fig. 1 the Backscattering Depolarization Ratio (BDR)(ir) is plotted as a function of the deformation parameter for two different size parameters and both kinds of orientation averaging. It is apparent that the dependence of the BDR on the size and deformation of the particles is highly irregular. The presence of a considerable BDR even for some of the least deformed particles clearly shows that, at least under this respect, a "perturbative"approach to nonspherical scattering, in the wavelength-size region, is not feasible, or at least has to be restricted to exceedingly small deformations.
Turning our attention to the scattering patterns of spheres and nonspherical particles, more differences appear. For the T2's one immediately notices (Fig. 2 ) that the phase function becomes smoother and smoother as the deformation parameter increases; this is usually particularly evident in the side-to backscattering region. The intensities of the forward peaks are only marginally dependent on the deformation, and are not much different from those of spheres (within a 30% at most, and usually much less). On the contrary, the backscattering efficiency does depend onc, with sometimes a factor of two between small and large deformations, with the former giving the higher intensities. The datum for spheres usually lies in the middle, above those of very deformed particles and below those of moderately nonspherical ones. A feature that Chebyshev particles share with spheres is that, for size parameters between about 5 and 1 0, smaller particles are characterized by a larger value of the asymmetry factor g, that is, they scatter preferably in the forward region. As an example, T2's with x = 6 have a g between 0.8 1 and 0.86, with minor variation due to or the kind of orientation averaging employed, as compared to the 0.64-0.66 typical ofparticles with x = 12.
All these features, combined and weighted by the multiple-scattering process and the experimental parameters, have demonstrated to give rise to peculiar effects that will be described in the following paragraphs.
NUMERICAL PROCEDURE
The Monte Carlo program that has been used to calculate the Lidar returns was derived from a code previously developed at the University of Florence by Bruscaglioni and coworkers9. The program had been written to deal with spherical particles; shifting to the nonspherical case required some adjustments. A simplified flow diagram of the simulations (including the part relative to the single-scattering computations) is given in Fig. 3 .
The code is ofthe so-called semianalytical type10. An improvement is given by the use (up to now limited to the case of homogeneous media) of certain scaling formulas by which it is possible to scale results obtained for a given extinction coefficient and cloud-Lidar distance to different ones. Our experience has shown that a significant improvement in the convergence of the method is achieved if one, after drawing lots for the scattering angles and photon path length leading from the -1)th to the j-th scattering point, redraws the whole trajectory considering the medium as having an optical depth equal to j . The contraction (or enlargement, depending on the actual optical depth we are interested in) of the physical trajectories forces the photons to distribute more uniformly within the cloud, so that many more events contribute to the statistics of the simulated Lidar signal (Fig.4) . The results can be subsequently scaled to the desired value of the optical depth t. This improved version ofthe semianalytical MC has been named SEMOC.
Polarization is taken into account employing the Stokes formalism. Modified Stokes vectors and the corresponding scattering matrices are used throughout the program. The Lidar return is divided into a certain number of time intervals, whose width corresponds to the time resolution of the simulated measurement. Actually, all quantities are plotted against the distance travelled by the probe beam inside the medium, which is simply related to the time elapsed since the firing of the pulse through the speed of light, once the cloud-Lidar distance has been specified. In the end, what is plotted in the graphs is detected intensity (or depolarization) as a function of photon path length, in units of W/m2 (or, respectively, adimensional ones). For each time interval, the contributions coming from different scattering orders, different fields of view of the receiver and from the two polarization channels are stored separately. The total emitted power is normalized to 1 Joule.
RESULTS OF MULTIPLE-SCATTERING COMPUTATIONS
In addition to the microphysical parameters of the scattering particles it is also necessary to specify the macrophysical and instrumental characteristics of the experimental situation simulated in the Monte Carlo. The case of a homogeneous cloud with an infinite lateral extension has been dealt with. The distance between the cloud and the Lidar has been set to 1000 meters, and the geometrical thickness of the cloud to 300 meters. As underlined in the previous section, the extinction coefficient of the medium can be chosen almost at will starting from a given data file and resorting to a rescaling technique.
Usually, Lidar returns have been scaled to a = 1/300 or a = 0.02 m1, thus giving respectively I and 6 for the total optical thickness of the cloud. In our procedure, photons are considered no more detectable when they have travelled a distance equal to the geometrical thickness of the scattering layer. The beam emitted from the source has been assumed to be linearly polarized and described by a (modified) Stokes vector (0,1,0,0). Its divergence has been set to 0.5 mrads., half aperture. Several FOV's have been examined: 1.5, 5, 15 and 30 mrads (still half aperture); sometimes different values have been explored, but these four are already representative of a wide range of actual ground-based systems. On-axis detection has always been assumed, that is, with the laser beam and the FOV cone sharing the same axis.
A spatial resolution of 6 meters, corresponding to a time resolution of 40 nanoseconds, has been usually specified. The number of photons employed in each simulation was typically 40 millions. This proved to be sufficient to give good statistics of the simulated signals for all the particles examined at least in the first 200 meters of photon path when the higher value of the extinction coefficient was considered. Each run took more or less six hours of CPU time on a DEC 3000/500s equipped with an Alpha CPU running at 1 50 MHz.
Detected power
When analyzing the single-scattering properties of Chebyshev particles we have put a special emphasis on the additional terms in the scattering matrix that make the behavior of these particles under polarized light so different from that of spheres. This doesn' t mean that, when polarization is not taken into account and our attention is focused only on the total intensity scattered towards the instrument, the effect of nonsphericity can be neglected. Several plots of total detected intensity are condensed in Figs. 5-6. Data are shown for a FOV of 15 mrads and for two values ofthe extinction coefficient, 0.00333 and 0.02 m' . It is easily seen that most of the differences that were noticed in the phase functions, particularly the deformationdependent backscattering efficiency shown by the T2's, reflect immediately in these graphs. In fact, given the relatively small FOV, most part of the power reaching the receiver will come from sequences of nearly forward and nearly backward scattering events, and the more so for high values of the asymmetry factor. So, at small optical depths, in the region where single scattering dominates, the intensity is found to depend almost exclusively on the backscattering efficiency of the particles; for instance, a comparison between Fig. 5a and Fig. 2b shows that for x = 12 and R-3d incidence the detected intensity and the magnitude of the backscattering peak decrease in much the same way. The effect is still evident, though relatively damped, at higher optical depths. This is a consequence of the mild dependence of the height of the forward peak on the deformation parameter: if the trajectories can be schematized as sequences of forward and backward tracts, the differences arising due to the deformation-dependent backscattering efficiency are kept in the final signal. Actually, when multiple scattering makes up a substantial part of the total signal, one can indeed notice that the curves tend to merge, even though the effect is not so strong for the particles with the highestg (Fig. 6b) . Just as previously pointed out when dealing with phase functions, spheres usually give signals whose intensity is somewhere halfway among those due to equivalent T2 particles.
Depolarization
As already underlined, the BDR of spheres is strictly zero, while that of Chebyshev particles can approach 0.5. If we were to limit ourselves to the usual single-scattering picture so widely employed in Lidar theory, the results would be obvious and unambiguous: aiming our instrument at a cloud made up of spherical droplets we would have no depolarization, and performing the same experiment on a layer of nonspherical particles we would see that a certain fraction of the total detected intensity appears in the cross-polarized component. Multiple scattering breaks the relative simplicity of this picture because it causes depolarization anyway; actually, if we were sure that the particles are spherical, the presence of depolarization would definitely indicate the occurrence of multiple scattering.
The behavior of spherical particles (no matter if mono-or polydispersed) in multiple scattering is quite plain: one starts with a linearly polarized beam and observes a monotonic increase of depolarization as the optical depth travelled by the photons becomes larger and larger. In the end, light will be completely unpolarized. Some Chebyshev particles follow this scheme, at least qualitatively, while others do not. Our simulations have shown that particles characterized by a high value of the BDR give rise to a peculiar effect: the depolarization of the Lidar return doesn't increase monotonically with t, but on the contrary decreases at small optical depths, reaches a minimum and then usually recovers and starts behaving in the usual (for spheres) way.
The situation is well represented in Fig 7a; Here particles withx =6 in R-2d orientation are considered for which the BDR varies from about 20% to nearly 50%. It is evident that the BDR plays a fundamental role in determining the behavior of these particles with respect to polarization even in multiple scattering: the curves show a smooth transition from a spherelike trend to the anomalous behavior described above. It is worth noting that the effect is present even when only the first three scattering (or even the first two, as we shall see later) orders are taken into account, as Fig. 7b demonstrates. The same happens for all those particles whose BDR exceeds a threshold value that we can place more or less around 0.35 (see Fig. 8 where data for 3-d randomly-oriented T2's with x = 12 are shown). It is nevertheless necessary to point out that there is also a dependence on the deformation, as can be noticed in Fig. 7a where a completely different behavior is observed for particles with E = 0. 10 and c = 0.22, that are otherwise characterized by the same BDR. Another feature of the curves of depolarization is that sometimes they seem to approach an asymptotic value, smaller than the BDR. This can be observed for those particles whose radiation pattern has a high asymmetry factor, which suggests that it is the increased weight of multiply-scattered light that causes this phenomenon. We have performed some simulations increasing the optical thickness of the medium up to 12, to check if the asymptotic behavior wasn't just the occurrence of a very broad minimum, but we haven' t been able to demonstrate this, also because for such values oft the curves become quite noisy.
Double scattering
Our set of Monte Carlo simulations has highlighted some peculiar features in the multiple-scattering response of Chebyshev particles to polarized incident light. In order to check our results, given the unavailability of any previous reference, we have decided to perform a comparison with an independent method. Double scattering, due to the considerable simplification introduced by the exclusive occurrence of planar trajectories, can be treated quite generally with simple analytical methods, without introducing severe approximations. The Lidar return can be calculated integrating the contributions given by each volume element in the FOV as decribed in Ref. 1 1 . There are some small difficulties in the numerical evaluation of this integral, whose integrand diverges at one of the extremes, but the problem can be easily overcome.
We have compared depolarization curves worked out with the usual MC procedure with those given by the analytical calculation and an excellent agreement (within a few % at most) has been found both for particles showing the sphere-like and the anomalous trend of depolarization (Fig. 9) . This is not a definitive proof of the correctness of our findings, but it certainly gives us additional confidence in the reliability of our numerical procedures and represents an useful check of the somehow unexpected results obtained.
CONCLUSIONS
An extensive set of Monte Carlo simulations has highlighted some peculiarities in the multiple-scattering behavior of T2 Chebyshev particles. As we guessed when starting this work, the more striking consequences of the departure from spherical shape have shown when the issue of depolarization has been addressed, even though considerable effects have been noticed also on the total intensity of the Lidar returns. The unusual decrease in the depolarization of the Lidar signal in the multiple scattering regime observed for some Chebyshev particles certainly deserves further investigation. Up to now, the effect has been seen to be associated with a high value of the BDR and/or the deformation parameter, and its deta.ils have been shown to depend on the weight and angular statistics of the multiple-scattering contribution to the detected signal. A deeper theoretical analisys is currently being carried out. We are also planning to extend our simulations to mixtures of Chebyshev particles, so as to start dealing with diffusing media that better resemble naturally occurring ones. 
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